We have taken a phylogeographic approach to investigate the demographic and evolutionary processes that have shaped the geographic patterns of genetic diversity for a sample of isolates of the cosmopolitan thermophilic cyanobacterial Mastigocladus laminosus morphotype collected from throughout most of its range. Although M. laminosus is found in thermal areas throughout the world, our observation that populations are typically genetically differentiated on local geographic scales suggests the existence of dispersal barriers, a conclusion corroborated by evidence for genetic isolation by distance. Genealogies inferred using nitrogen metabolism gene sequence data suggest that a significant amount of the extant global diversity of M. laminosus can be traced back to a common ancestor associated with the western North American hot spot currently located below Yellowstone National Park. Estimated intragenic recombination rates are comparable to those of pathogenic bacteria known for their capacity to exchange DNA, indicating that genetic exchange has played an important role in generating novel variation during M. laminosus diversification. Selection has constrained protein changes at loci involved in the assimilation of both dinitrogen and nitrate, suggesting the historic use of both nitrogen sources in this heterocystous cyanobacterium. Lineage-specific differences in thermal performance were also observed.
A recent theme in the study of microbial diversity has been the issue of how genetic (and phenotypic) variation of microorganisms is distributed on a geographic scale (reviewed in reference 21). Whereas it is clear that microbial community structure varies spatially as a result of the physical and chemical heterogeneity of the environment, the discussion regarding microbial biogeography has principally centered on whether the homogenization of genetic variation by the dispersal of migrants across geographically separated but similar habitats outpaces the genetic differentiation of populations by genetic drift or in response to local selection. The results of experimental evolution experiments in the laboratory (4) suggest that spatially structured microbial populations in nature should rapidly diverge from each other, provided that migratory gene flow among them is low (42) . In contrast, the idea that dispersal barriers do not exist for free-living microorganisms and, consequently, that the abundance of a microorganism at a location is determined solely by environmental factors, is longstanding (3) and has been recently championed for eukaryotic microorganisms on the basis of morphological criteria (12) .
The island-like nature of hot springs makes them particularly suitable habitats for investigating microbial dispersal and its contribution to geographic distribution patterns, and several recent investigations have provided evidence for dispersal barriers for thermophilic microorganisms. Whitaker et al. (41) reported that genetic differentiation between Sulfolobus populations increased with increased geographic distance, a predicted outcome of dispersal limitation (43) . A molecular survey of cyanobacterial diversity in several of the world's major thermal areas (28) corroborated long-standing observations of differences in their community composition (8) that are best explained by isolation. Similarly, migration was undetectable between two genetically differentiated Yellowstone National Park populations of the heterocyst-forming, moderately thermophilic cyanobacterium Mastigocladus (Fischerella) laminosus (order Stigonematales), which are separated by 50 km (24) .
Here, we take a phylogeographic approach (1) to expand our analysis of the demographic and evolutionary processes that have shaped the spatial distribution of M. laminosus diversity. In addition to enabling the investigation of dispersal limitations, this approach also has the potential to identify the historical site(s) of origin from which extant diversity has spread. Recent dispersal is expected to leave a specific genealogical signature, in which populations from a site of origin are paraphyletic with respect to descendant populations in more recently colonized locations, as has been observed for African populations of humans, for example (6) . Identifying these ancestor-descendant relationships among a sample of gene sequences is often better resolved through the inference of genealogical networks than by traditional phylogenetics (30) . This is because both ancestor and descendant alleles may be extant in a sample of closely related individuals, but a bifurcating phylogenetic tree makes the limiting assumption that ancestor-descendant relationships are hierarchical (with extant descendant alleles related to each other by descent from extinct ancestors).
M. laminosus provides an excellent system for investigating the organization of microbial diversity at a variety of geographic scales. This bacterium is present virtually worldwide, though not necessarily in great abundance, in alkaline hot springs at temperatures below approximately 57°C (8) . M. laminosus also exhibits great tolerance of freezing and desiccation (8) , which may facilitate airborne dispersal and help to explain its cosmopolitan distribution. To describe the broad phylogenetic patterns of M. laminosus global diversity, we first characterized 37 strains isolated from throughout most of its range at the conserved 16S rRNA gene. In light of our prior observation of population genetic differentiation of M. laminosus within the Yellowstone region (24) , it was of interest to comprehensively evaluate whether local differentiation is the norm for this cosmopolitan bacterium over a global scale, and we therefore further characterized the strains at three more rapidly evolving genes involved in nitrogen metabolism to test for genetic isolation by distance. We also reconstructed genealogical networks for the latter loci to identify the ancestordescendant relationships among alleles in the sample. From these networks, we inferred possible dispersal patterns during M. laminosus diversification. Finally, we evaluated whether it was possible to draw inferences regarding the historical nitrogen requirements of this group based on the selective histories of the different metabolic genes, and we also tested whether M. laminosus lineages are phenotypically differentiated from each other with respect to thermal performance.
MATERIALS AND METHODS
Strains and culture maintenance. The 37 strains of M. laminosus analyzed in this study were obtained from either the University of Oregon's Culture Collection of Microorganisms from Extreme Environments (CCMEE) or from The University of Montana Cyanobacterial Culture Collection (Table 1) . Additional information about the CCMEE strains is available at the University of Oregon CCMEE website (http://cultures.uoregon.edu), and information for the University of Montana strains was reported by Miller et al. (24) . Strains were maintained at 50°C in 25 ml of D medium under 75 mol photons m Ϫ2 s Ϫ1 of 12-h light/12-h dark cool white fluorescent light.
DNA isolation, PCR, and sequencing. Genomic DNA was isolated from cultures, and a ca. 950-bp fragment of the small subunit rRNA gene (Escherichia coli positions 360 to 1326) was amplified as previously described (23) . Also amplified were a roughly 800-bp fragment (Anabaena strain PCC 7120 nucleotide positions 88 to 884) of nifH (iron protein of nitrogenase), a fragment of the assimilatory nitrate reductase gene narB (Anabaena strain PCC 7120 positions 1056 to 2072), and an approximately 1.2-kbp genomic fragment including the nearly complete sequence of the heterocyst development gene devH (nucleotide positions 594 to 1232 in the fragment) and a partial sequence (the first 402 nucleotides of the fragment) of argS (arginyl tRNA synthetase). Reaction conditions and primer sets for amplification of these nitrogen metabolism loci were as reported by Miller et al. (24) .
Phylogenetic analyses and genealogical networks. M. laminosus phylogenies were reconstructed from 839 nucleotides of the 16S rRNA gene with maximum likelihood, maximum parsimony, and neighbor-joining methods using PAUP* version 4.0b (37) following sequence alignment as described previously (23) . The data set included outgroups Chlorogloeopsis strain PCC 6718 (AF132777) and Chroococcidiopsis strain PCC 7203 (from the RDPII website [http://rdp.cme.msu .edu]), and trees were rooted with the latter sequence. For the likelihood analysis, the model of DNA sequence evolution was chosen by hierarchical likelihood ratio tests and Akaike information criterion as implemented in Modeltest (31) . The model selected (HKY plus G plus I) estimates the transition/transversion ratio and incorporates among nucleotide site rate heterogeneities by estimating both the proportion of invariant sites and the shape of the discrete approximation (n ϭ 4 categories) of a gamma distribution for variable sites. The starting tree for the likelihood analysis was obtained by random stepwise sequence addition, and the subsequent heuristic search was performed using the treebisection reconnection branch-swapping algorithm. An exhaustive search of all trees was performed for the parsimony analysis. The likelihood analysis was bootstrap replicated 1,000 times, whereas both the neighbor-joining tree and the maximum parsimony tree were bootstrapped 10,000 times.
An approach analogous to that described above was used to reconstruct phylogenies for the nitrogen metabolism genes nifH (738 nucleotides), narB (918 nucleotides), and the devH region (1,232 nucleotides). Phylogenies were rooted with the outgroup Anabaena strain PCC 7120. The models of DNA evolution chosen by Modeltest for use in likelihood analyses were as follows: the K80 (Kimura two-parameter model [19] ) plus the G model for devH; the K80 plus G plus I model for narB; and the GTR plus G model for nifH. All trees were bootstrap replicated 1,000 times. Minimum spanning trees (20) were computed for each nitrogen metabolism gene from a matrix of pair-wise nucleotide differences, and a minimum spanning network was subsequently inferred by embedding all minimum spanning trees for a gene (11) , as implemented in the software package Arlequin version 2.0 (36) .
Population genetic analyses. Aligned nucleotide sequences for the nitrogen metabolism loci were analyzed with respect to the following with DnaSP (34): the number of alleles observed at each locus, synonymous and nonsynonymous (replacement) polymorphic sites, and nucleotide diversity at synonymous and nonsynonymous sites (the average number of synonymous and nonsynonymous nucleotide differences between a pair of sequences, respectively). A Mantel test was used to test whether there was a statistically significant relationship between genetic differentiation (nucleotide diversity) and geographic distance of strain pairs. This test is more appropriate than conventional correlation analysis, because physical distances between population pairs are not independent, and was based on 10,000 randomizations as implemented by the program IBD version 1.52 (5) .
Recombination rates for each locus were estimated by a modification of the composite likelihood method of Hudson (15), which accommodates a finite sites model of sequence evolution (22) , as implemented by the software package LDhat (www.stats.ox.ac.uk/ϳmcvean/LDhat.html). The latter model allows for recurrent mutations to have occurred at a nucleotide position, a possibility that becomes more probable as sequences diverge. The method assumes that the gene genealogies of the loci can be modeled as a coalescent process according to the neutral Wright-Fisher model (14) , but the estimates and significance tests appear to be robust to minor deviations from this model (22) . Population-scaled recombination rates were expressed relative to a finite sites approximation of Watterson's population-scaled mutation rate (39) . A likelihood permutation test (22) was used to test whether each estimated recombination rate was significantly greater than zero. In the absence of recombination, the likelihood estimate is expected to be independent of the order in which nucleotide sites are arranged along a sequence alignment (i.e., locations of nucleotide sites in the alignment are exchangeable). In the presence of recombination, however, the likelihood of observing the data does depend on data order, because close sites are more likely to be in linkage disequilibrium. Likelihood estimates for random rearrangements of the order of the nucleotide site data therefore can test the null hypothesis that data are exchangeable (i.e., no recombination). We rejected the null hypothesis of no recombination if fewer than 5% of 1,000 permutated data sets had a composite likelihood score equal to or higher than the estimate for the original data.
Growth experiment. Temperature dependence of growth rate was estimated for two randomly selected strains belonging to each of the seven 16S rRNA gene groups identified in the phylogenetic survey (with the exception of the group consisting solely of strain CCMEE 5268). Maintenance cultures (75 ml of D medium [7] in 125-ml Erlenmeyer flasks incubated at 50°C under 100 mol photons m Ϫ2 s Ϫ1 of CWF light for a 12-h light/12-h dark cycle) of each strain were split into duplicate subclones (in 25 ml of D medium in test tubes) and propagated for three generations, at which time each subclone was divided into duplicate 25-ml cultures to an initial optical density (measured at 750 nm) of 0.005. Thus, a total of 13 ϫ 2 ϫ 2 ϭ 52 culture tubes were propagated during the initial growth experiment at 50°C. The exponential growth rate was estimated for each culture from semilogarithmic plots of the increase in optical density over time. Provided that a strain was capable of growth, one replicate of each subclone was randomly selected to serve as inoculum for the next round of the experiment. Subsequent assays were performed at 55, 57, and 58°C, the temperature at which no strain survived.
Nucleotide sequence accession numbers. The sequences reported in this paper have been deposited in the GenBank database and assigned accession numbers as follows: rrn-16S (EF566829 to EF566864); argS (EF571857 to EF571894); devH (EF581319 to EF581356); narB (EF570505 to EF570539); nifH (EF570540 to EF570572, DQ385912, DQ385913, DQ385916, DQ385917, and DQ385924).
RESULTS AND DISCUSSION
16S rRNA gene lineages of M. laminosus. To investigate the global genetic diversity of M. laminosus, we characterized 37 laboratory isolates of this cyanobacterium from thermal areas around the globe ( Table 1) . Each of the isolates belonged to one of seven closely related groups based on the complete identity of a partial sequence (835 bp spanning E. coli positions 390 to 1249) of the 16S rRNA gene (Table 1) . Nearly half of the sampled strains belonged to group 1. Only 27 (3.2%) of the nucleotide sites were variable, and each group could be assigned to one of three clusters based on their relative amount of sequence divergence: group 2, which shares no greater than 98.1% similarity with any other group; group 3, which shares no greater than 99.0% similarity with any other group; and the remaining five groups, each of which differ from group 1 by at most 0.5% (group 5 by a single nucleotide, or 0.2%; group 4 and group 7 by 0.4%; group 6 by 0.5%). The level of dissimilarity for the two most divergent lineages (group 2 and group 3) was under 3%, similar to that observed for ecologically divergent A and B clades of the thermophilic cyanobacterium Synechococcus sp. (23, 38) . That is, extant global M. laminosus diversity is comparable to the degree of genetic differentiation between Synechococcus lineages that have diverged in thermal ecology and which in some cases may be separated by only millimeters along a hot spring outflow channel.
Comparison with the limited sequence data for M. laminosus deposited in GenBank suggests that our sample adequately captures the 16S rRNA level diversity of this bacterium. Cultured strains from other collections (New Zealand [AB075986], Japan [AB093487], Jordan [DQ471442 and DQ471444], and Yellowstone [AB075987]) belong to group 3, group 7, group 4, and group 1, respectively. Similarly, environmental clones from Australia (AF407731 and AF407696), the Philippines (DQ131173), and Greenland (AF132788) belong to group 1, group 7, and group 3, respectively.
Trees reconstructed from these highly similar sequence data were unresolved, resembling a star phylogeny in which the seven 16S rRNA groups radiate from a central root node (Fig.  1) . Likelihood, parsimony, and neighbor-joining methods yielded qualitatively similar results, with the monophyly of M. laminosus supported by strong bootstrap analysis in all three phylogenies. The only other node that received even moderate bootstrap support (and only for parsimony and neighbor-joining analyses, at 52% and 57%, respectively) joined group 4 and group 6 as sister taxa.
Small subunit rRNA gene sequences of the different groups were also distinguished by the presence or absence of an unusual quasi-palindromic insert within the V1 region of the gene (E. coli positions 61 to 106), which encodes the spur of the ribosomal small subunit. Group 1 and group 7 strains have this feature, resulting in a longer spur RNA hairpin (Fig. 2) . These groups differ at five nucleotide positions within the insert (not shown). Because this region was not shared by all strains, it was not included in the phylogenetic analyses above. We believe FIG. 1. Maximum likelihood phylogeny of 37 isolates of M. laminosus reconstructed from 839 nucleotides of the 16S rRNA gene, rooted with outgroup Chroococcidiopsis strain PCC7203 (not shown). Bootstrap support at the root node for the monophyly of M. laminosus was 96% for the likelihood analysis and 100% for neighbor-joining and parsimony analyses, based on 1,000, 10,000, and 10,000 pseudoreplicates, respectively. Lineage symbols are retained in Fig. 4 . sub, substitution.
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MASTIGOCLADUS PHYLOGEOGRAPHY 4753 that this segment is the result of a single insertion event (with inferred recombination breakpoints at E. coli positions 74 and 94), based on its unusual length (47 nucleotides) for a cyanobacterium: the average length based on a survey of V1 DNA for 531 cyanobacterial laboratory isolates is 28 nucleotides (25) . The V1 DNA of another member of the Stigonematales, the genus Nostochopsis, also shares this feature (13a). The only other known example of an unusually long V1 region in the cyanobacteria is for chlorophyll d-producing cyanobacteria, which appear to have acquired DNA encoding a longer spur by lateral gene transfer from a betaproteobacterium (25) . The origins of this feature in M. laminosus, and its possible functional significance, are not known. Local genetic differentiation of a cosmopolitan bacterium. Whereas a few of the identified 16S rRNA gene groups were endemic to a single location (e.g., group 2 in Waitangi Springs, New Zealand), many were found at multiple, geographically distant sites (Table 1) , highlighting this bacterium's dispersal capabilities. For example, representatives of group 1 have been isolated from hot springs in North and South America, Europe (continental and Iceland), and New Zealand (Table 1) .
A closer look at the genetic diversity of these isolates, however, revealed a general pattern of genetic differentiation on local geographic scales that is consistent with the presence of dispersal barriers. We obtained additional sequence data for three nitrogen metabolism genes that we had previously found to be polymorphic within and between Yellowstone populations of M. laminosus (24) : nifH, encoding the iron protein of nitrogenase; narB, the gene encoding assimilatory nitrate reductase; and the genomic region including devH, which codes for a DNA-binding protein required for the development of a functional heterocyst (32) , and argS, arginyl tRNA synthetase. These additional data revealed 23 distinct multilocus haplotypes (Table 1) , resulting from different combinations of 13 observed alleles for nifH and 14 alleles each for narB and the devH region. With one exception (the sharing of devH allele 9 by group 4 and group 5), each allele at a locus was unique to a 16S rRNA gene group. Fourteen of the haplotypes belonged to group 1. Although a few of these haplotypes were observed in geographically distant populations (e.g., haplotype 18 in Oman, Montana, and Chile), most haplotypes were only observed at a single location. For example, within Yellowstone National Park, haplotype 1 was unique to Boiling River, haplotype 2 to Chocolate Pots, haplotype 3 to Obsidian Pool, and haplotypes 4 to 7 to White Creek in the Lower Geyser Basin.
Genetic isolation by distance in group 1 M. laminosus strains. In addition to this observed local population differentiation, another expectation for organisms with restricted migration is that there should be a positive correlation between the amount of genetic divergence between pairs of strains and the geographic distances separating their populations of origin (43) . Despite the growing evidence for the geographic structuring of microbial diversity (reviewed in reference 21), there has been little investigation of this specific issue of isolation by distance. Whitaker et al. (41) found a positive association for Sulfolobus strains from a total of seven populations from Yellowstone National Park, Lassen National Park, and the Kamchatka peninsula. Our M. laminosus haplotype data enable a more comprehensive analysis of the relationship between genetic differentiation and physical distance than previously investigated for microorganisms. We expect that the existence and strength of such a pattern will be dependent on the evolutionary time scale examined. Comparisons at the macroevolutionary scale (e.g., between 16S rRNA lineages) may be expected to obscure such a pattern, since more-ancient groups have simply had more time and, therefore, opportunity, to disperse over large geographic distances than have less-divergent lineages. Therefore, we first investigated this relationship for group 1 M. laminosus strains, the most abundant, genetically diverse (in terms of number of haplotypes) and geographically widespread group in the sample. For a combined data set including all three loci (a total of 2,888 bp), there was a statistically significant positive correlation (R ϭ 0.57; P ϭ 0.0015) between genetic differentiation (measured as the number of nucleotide differences per nucleotide site between a pair of sequences) and geographic distance, providing evidence for isolation by distance (Fig. 3) . Though M. laminosus has a cosmopolitan distribution, this correlation indicates that migration barriers do exist for this organism. Still, rare long distance dispersal events do occur, and have occurred recently, as evidenced, for example, by the lack of genetic differentiation between group 1 strains CCMEE 5320 and CCMEE 5273 from Iceland and British Columbia, respectively. Over longer time scales, it is also the case that long distance dispersal, even if relatively rare compared with the rate of population differentiation, could potentially bring more divergent lineages into geographic proximity, which would weaken the relationship between genetic and geographic distance. This was observed for the M. laminosus data set as a whole, since there was not a positive relationship between genetic differentiation and distance when data for all seven 16S rRNA groups were analyzed (data not shown).
Genealogical networks of nitrogen metabolism loci.
To attempt to better resolve the genealogical relationships among the groups of M. laminosus, we reconstructed the evolutionary histories of the three nitrogen metabolism loci. A traditional bifurcating phylogeny frequently fails to accurately describe the genealogical relationships of closely related individuals for a variety of reasons (30) , including that the relationship between ancestor and descendant may not be hierarchical (because the ancestor is extant rather than extinct) and that some nodes may be multifurcating rather than bifurcating (because older alleles in a sample are expected to leave more, and possibly more than two, descendants). We therefore took a two-step approach to infer the evolutionary relationships among alleles in our sample for each nitrogen metabolism locus. We first used traditional phylogenetics to identify boot-strapsupported bifurcating nodes. Next, for unresolved polytomies in each phylogenetic analysis, we inferred minimum spanning networks (11) , which accommodate ancestor-descendant relationships among extant alleles (with ancestors at internal nodes in the network), multifurcations, and intragenic recombination. The final product for each locus was a diagram of the genealogical relationships among alleles that combines the hierarchical structure of a phylogeny with nested networks to describe unresolved clades (Fig. 4) .
Although the tree lengths for the M. laminosus clade were similar (maximum likelihood estimates of total length ranged between 0.136 and 0.148 substitutions per site), there were substantial differences among these nitrogen metabolism loci with respect to both genealogy shape and topology (Fig. 4) . Three major bootstrap-supported clades were present in the nifH genealogy. One consisted of the group 2 allele (Fig. 4A , allele 13), and group 3 alleles 11 and 12. The largest clade included the 10 alleles from the remaining groups. In this clade, group 1 alleles (Fig. 4A) were paraphyletic, with alleles for four other 16S rRNA groups (accounting for 38% of the total observed allelic diversity) descended from extant ancestral group 1 alleles: allele 4 (group 7) and alleles 6 to 9 from groups 4, 5, and 6, respectively (Fig. 4A) . Group 6 was also paraphyletic with respect to group 4. All of the observed nucleotide differences among these 10 alleles were synonymous substitutions, indicating that there are no differences in the NifH protein sequence within this clade. Older, ancestral alleles are predicted by population genetic theory to be more abundant and more widespread than younger alleles (10, 40) . This expectation was borne out for group 1 alleles 2 and 3, which together account for 70% of the group 1 alleles in the sample, and 32% of the total sample. These alleles are likewise geographically widespread, with allele 2 found in populations from Yellowstone, Italy, Slovakia, and Chile and allele 3 found
FIG. 4. Minimum spanning gene networks for nifH (A), devH (B)
, and narB (C). Note that branch lengths are not to scale in units of nucleotide substitutions per site, but that, where noted, hash marks indicate the number of nucleotide differences among alleles. Bootstrap values greater than 50% (based on 1,000 pseudoreplicates) for a maximum likelihood phylogeny are indicated at bifurcating nodes. The root of each network was also inferred with maximum likelihood and is indicated by an asterisk. Haplotype symbols refer to 16S rRNA groups identified in Fig. 1 .
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MASTIGOCLADUS PHYLOGEOGRAPHY 4755 in strains isolated from Yellowstone, Oregon, British Columbia, and Iceland. The inferred position of allele 10 should be regarded with caution. Though grouped by phylogeny reconstruction with other group 1 alleles with moderate bootstrap support, a closer analysis of the distribution pattern of the molecular variation indicates that this allele is likely a recombinant between a group 1 and a group 2 allele. Over the entire sequence, the genetic distances between allele 10 and allele 13 (group 2) and between allele 10 and allele 5 (group 1) are comparable (23 versus 25 nucleotide differences, respectively). However, allele 10 more closely resembles allele 13 over the 5Ј end of the sequence (nucleotides 1 to 551), sharing nucleotide identity with allele 13 at 24 of 28 sites at nucleotide positions at which allele 13 and allele 5 differ. In contrast, allele 10 shares identity with allele 5 at all 19 variable sites between sites 552 and 738. Like allele 10, both allele 13 and allele 5 were also derived from New Zealand strains.
In contrast to nifH, group 1 M. laminosus alleles clustered as a bootstrap-supported, monophyletic clade at the devH region and did not exhibit any ancestor-descendant relationships with alleles from other groups (Fig. 4B) . Many of the group 1 alleles have descended from allele 1, which was observed in strains isolated from four Yellowstone hot springs. These descendant alleles were found in populations from Yellowstone, continental Europe, Chile, and New Zealand. Other bootstrap-supported clades grouped alleles from groups 2, 3, and 7, as well as the two group 6 alleles, respectively.
The narB genealogy is the least resolved of the three, with alleles for different groups radiating as bursts from the inferred root (Fig. 4C) . Only the three group 6 alleles and group 2 and group 7 alleles, respectively, clustered with significant bootstrap support. This star-like topology could be the result of early and rapid diversification of different narB allele lineages during M. laminosus evolution (i.e., it indicates a hard polytomy). Another possibility is that it may reflect the effect of historic recombination events, since intragenic exchange among sequences makes genetic distances among them more similar and therefore more like a star phylogeny (35) . The loop connecting group 1 alleles 2, 5, and 7 (along with an inferred allele not observed in the sample) (Fig. 4C) provides clear evidence for intragenic recombination (30) . To more explicitly evaluate the historic role of recombination during M. laminosus diversification, we estimated recombination rates for each locus below. The observed genealogical discordance among the three loci could be due to differences in the extent of intragenic recombination (in which case different regions within a gene have different evolutionary histories), different patterns of the retention and sorting of ancestral polymorphisms among loci during diversification, or both (2) .
Timing of M. laminosus diversification. Despite their discordance, the networks did provide better resolution of the deeper splits among M. laminosus lineages than the 16S rRNA gene phylogenies. Specifically, group 2 and group 3 were the only lineages that were monophyletic in all three networks (Fig. 4) . Relationships among alleles of the other groups included examples of paraphyly (e.g., group 1 at nifH) and the lack of divergence between the devH allele of group 4 and group 5. By chance and/or due to differences in their selective histories, gene genealogies for a pair of lineages may become reciprocally monophyletic at different times at different loci. But, in general, more closely related lineages are more likely to be paraphyletic at a locus than are more-divergent lineages, since the probability of attaining reciprocal monophyly via lineage sorting of ancestral allele polymorphisms increases with time following divergence (33) . These patterns therefore suggest that group 2 and group 3 are older lineages and that the others diverged more recently from each other. This conclusion is corroborated by the trend for group 2 and group 3 to be positioned closer to the root than group 1, for example, in the nitrogen metabolism networks (Fig. 4) , and by their greater inferred divergence from the root of the 16S rRNA gene tree (Fig. 1) .
We can obtain provisional estimates of the divergence times of M. laminosus lineages by assuming the 16S rRNA divergence rate calibration of 1 to 2% per 50 million years (Ma) inferred for both the aphid symbiont Buchnera (26) and the domain Bacteria in general (27) . An upper bound on the age of the most recent common ancestor of extant M. laminosus is provided by the amount of divergence of group 2 and group 3 (an average divergence of 0.19 nucleotide substitutions per site from the root node in Fig. 1 ) and is estimated to be approximately 47 to 95 Ma. Although we can only speculate whether the timing of M. laminosus diversification was related to a specific event in Earth's geologic history, it is interesting that this estimate circumscribes the Paleocene-Eocene thermal maximum of 55 Ma. This brief period of extreme, greenhouse gas-induced climate change (9, 18) was marked by terrestrial warming of 5 to 10°C (13) . M. laminosus is a moderate thermophile and has been observed to dominate biomass in hot spring outflow channels at temperatures below 37°C (unpublished observation). This warming could therefore potentially have created additional suitable habitat of nongeothermal origin and, thereby, opportunities for M. laminosus diversification. Similarly, the remaining groups, which are all greater than 99.5% similar to group 1 at the 16S rRNA gene, appear to have diverged from each other within the past approximately 6 to 12.5 Ma.
Evidence for a geologically recent range expansion of group 1 M. laminosus. One of the advantages of identifying ancestordescendant relationships in a sample of alleles is the potential to make inferences regarding the demographic processes that have generated the observed biogeographic pattern of diversity. In particular, it is of interest to try to infer the site(s) of origin from which extant diversity has spread. Although the genealogies for the nitrogen metabolism loci differ, some general conclusions may be drawn. A feature shared by all three networks is for ancestral group 1 alleles to be derived from Yellowstone populations (Fig. 4; Table 1 ). These include nifH alleles 1, 2, and 3, devH allele 1, and narB allele 3. Given that many alleles in the total sample at each locus either belonged to group 1 or, in the case of nifH, descended from an ancestral group 1 allele (8 of 14 alleles for devH, 6 of 14 for narB, and 9 of 12 for nifH, excluding the likely hybrid allele 10), these observations suggest that a significant fraction of the extant global diversity (i.e., haplotype richness) of M. laminosus, which appears to have originated within the past 12.5 Ma (see above), may be traced back to a common ancestor associated with the northeast-propagating, western North American hot spot that originated approximately 16 Ma ago and is currently 4756 MILLER ET AL. APPL. ENVIRON. MICROBIOL.
located below Yellowstone National Park (29) . Moreover, because descendant (and in some cases extant ancestor) group 1 alleles are geographically widespread (Table 1 ; Fig. 4 ), we conclude that there has likely been a geologically recent range expansion of group 1 M. laminosus from the Yellowstone hotspot region to thermal areas in Iceland, New Zealand, South America, and continental Europe. In some cases this proposed range expansion appears to have resulted in secondary contact with 16S rRNA groups that are apparently more restricted in their present geographic distributions (e.g., New Zealand group 2). Secondary contact between divergent groups creates the opportunity for genetic admixture and thereby the generation of novel variation: as noted above, the mosaic structure of nifH allele 10 is a possible example of admixture between group 1 and group 2 M. laminosus.
Functional constraints on the evolution of nitrogen assimilation loci. By investigating the patterns of molecular evolution of functional genes, it is possible to draw inferences regarding the historical ecology of a group over evolutionary time. In the case of M. laminosus, it is germane to ask whether different nitrogen assimilation pathways have experienced different selective histories. Our intuition may lead us to expect that M. laminosus, a "heterocystous" cyanobacterium, has specialized in nitrogen-limited habitats and, consequently, that genes involved in nitrate assimilation, such as narB, have been under a relaxed selective constraint. On the other hand, examples of both nitrate-assimilating and dinitrogen-assimilating contemporary populations of M. laminosus have been reported (24) , which suggests that both nutrient sources have been historically important. We can evaluate these alternatives by comparing patterns of mutation among the nitrogen assimilation loci with that of argS upstream of devH. The loci exhibit an approximately twofold difference in the normalized silent mutation rate, S . In contrast, there was a 40-fold range in the rate of protein-changing, replacement substitutions, A (Table 2) .
A / S estimates the average amount of functional constraint on protein evolution at each locus during M. laminosus diversification, with a value for A / S of 1 indicating neutral evolution. Although the evolution of argS has been approximately neutral ( A / S ϭ 0.63), all of the nitrogen assimilation loci have been under severe constraints, with A / S values of 0.02 for devH, 0.04 for nifH, and 0.07 for narB. For comparison, the low observed A for the nitrogen assimilation loci are comparable to the substitution rate for the slowly evolving 16S rRNA gene ( ϭ 0.006). These results indicate historically comparable levels of functional constraint among genes involved in the assimilatory metabolism of both dinitrogen and nitrate and suggest that both nitrogen sources have been key nutrient sources during the evolutionary diversification of M. laminosus.
Substantial recombination during Mastigocladus diversification. The genealogical networks, particularly the narB network (Fig. 4C) , suggest that recombination has been an important process for generating novel variation during M. laminosus diversification. To investigate this issue further, it was necessary to consider the possibility that recurrent mutation has occurred during sequence evolution. Multiple mutations at the same nucleotide site during the genealogical history of a sample can create patterns that resemble the effects of recombination and mislead tests for recombination that assume an infinite sites model (i.e., only one mutation per nucleotide site), such as the four-gamete test (16) . The sequence data for each of the three nitrogen metabolism loci exhibited evidence for limited recurrent mutation, manifested by the presence of a minor proportion of three-variant nucleotide sites in the sequence alignments (e.g., six three-variant sites among the 112 variant sites for the devH data set). Therefore, to estimate the recombination rate at each locus, we implemented a method that assumes a finite sites model to allow for recurrent mutation. LDhat is a maximum likelihood estimator of the population-scaled recombination rate, ϭ 2N e r, where N e is the effective population size and r is the product of the physical distance and the recombination rate per nucleotide site of the region analyzed (22) . A nonparametric permutation test (of 1,000 permutations) tests the hypothesis that the maximum likelihood estimate is not different from zero.
In each case we could reject the null hypothesis that no recombination has occurred, with the intragenic recombination rate estimated to be 0.003 per nucleotide site for the devH region (P ϭ 0.006), 0.004 per site for nifH (P ϭ 0.011), and 0.009 per site for narB (P ϭ 0.014). The higher estimated recombination rate for the latter is consistent with the evidence for greater impact of recombination on the shape of the network for this locus (Fig. 4C) , as discussed above. Estimated ratios of the recombination and mutation rates (r/) in units of events per nucleotide site were 0.14 for the devH region, 0.17 for nifH, and 0.47 for narB. These are comparable to those of human pathogenic bacteria known for their capacity for genetic exchange. For example, values of r/ estimated for a data set consisting of 107 disease-associated isolates of Neisseria meningitidis collected from around the world ranged between 0.08 and 1.41 (17) .
Genetic exchange has clearly been a relevant mechanism for generating intragenic diversity in M. laminosus. One could (17) , then, based on the above estimates of r/, recombination would be about two to five times more important than mutation for generating novel genome combinations in M. laminosus. Differences in thermotolerance among 16S rRNA gene groups. To evaluate whether these genetically differentiated lineages of M. laminosus have diversified phenotypically, we tested whether 16S rRNA groups differ in thermal performance. Two representative strains from each 16S rRNA group were randomly selected (with the exception of strain CCMEE 5268, for which a second representative was not available) and subsequently divided into two subclone lines for the duration of the experiment. Exponential growth rates were estimated for duplicate cultures of each subclone at a series of temperatures to test whether strains exhibit differences in the thermal maximum for growth. Strains exhibited substantial differences in thermal performance, particularly with respect to the maximum temperature limit for growth, which can largely be explained by 16S rRNA lineage membership (Fig. 5) . At 50°C (strain maintenance temperature), differences among 16S groups were very highly significant (P Ͻ 0.0001) and explained 58% of the observed variation in growth rate, whereas differences between subclones of a strain or between strains within a group were not significant (P ϭ 0.17 and P ϭ 0.21, respectively). Results were similar for 55°C, for which differences among groups explained nearly all (95%) of the variation (P Ͻ 0.0001) and effects of subclone and strain within a group were again not significant (P ϭ 0.76 and P ϭ 0.30, respectively). Members of group 2 and group 3 (including strains CCMEE 5201/CCMEE 5202 and CCMEE 5321/CCMEE 5323, respectively) tended to have a lower growth rate at 50°C and were unable to grow at 55°C (Fig. 5) . Few strains were capable of growth at 57°C (but not at 58°C). These included strains CCMEE 5318 and CCMEE 5267, which belong to group 6, group 5 strain CCMEE 5268, the sole representative of its group in our collection, and group 4 strain CCMEE 5204. While both growth rate and yield were poor for strain CCMEE 5204, the other strain from this group, strain CCMEE 5192, did not grow at this temperature. These results emphasize that, although there are group-specific differences in thermotolerance, at least in one case there appears to be subtle withingroup variation in the thermal limit. Whether these differences are indicative of realized ecological differences among lineages remains to be investigated. Given that at least some of the genetic material (e.g., nifH) of group 4, group 5, and group 6 has descended from a less thermotolerant group 1 ancestor (Fig. 4A) , the genealogical data, while not conclusive, do suggest that the strains with enhanced thermotolerance may have been derived from less thermotolerant ancestors, as in the case of thermophilic Synechococcus (23) .
Concluding remarks. A phylogeographic approach, in particular the identification of the ancestor-descendant relationships among closely related gene lineages, offers the potential to trace the dynamic spatial histories of microorganisms that are recorded in contemporary sequence variation. In the present study, we have revealed evidence of a geologically recent diversification of the M. laminosus clade, a more recent range expansion of group 1 M. laminosus, with subsequent local differentiation at most sites, and several apparent examples of very recent, long distance dispersal events, including the recovery of identical multilocus haplotypes from sites in Montana, Chile, and Oman.
Because genetic drift and local selective sweeps remove variation within, but not between, populations in the absence of significant migration, the general pattern of genetic differentiation among populations that we have observed is to be expected. We therefore conclude that the examples of haplotypes with a broad geographic distribution are the product of recent dispersal events and that, given sufficient time, they too will diverge.
